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Abstract: Alzheimer's disease (AD) is characterized pathologically by the accumulation of B-amyloid plaques in brain.
We developed a novel positron emission tomographic (PET) radioligand, [''C]MeS-IMPY ([S-methyl-''C]N,N-dimethyl-
4-(6-(methylthio)imidazo[1,2-a]pyridine-2-yl)aniline). The objective of this study was to determine if [''C]MeS-IMPY
can detect B-amyloid plaques in patients with AD. Ten subjects (4 patients with AD and 6 healthy controls) had PET scans
of 90 min as well as serial sampling of arterial plasma. Total distribution volume was calculated from radioactivity in
brain and concentrations of radioligand in arterial plasma. After injection of [''C]MeS-IMPY in both groups, peak brain
uptake was high (~ 450% SUV), peaked early at ~ 2 min and washed out quickly. The time-course of brain radioactivity
in all regions was virtually identical in AD patients and healthy controls. Although distribution volume of neocortical re-
gions was ~ 26% higher in AD patients than in controls, the differences were statistically insignificant (P = 0.143). In ad-
dition, distribution volume in all regions and in both groups increased during the entire scan, which is consistent with the
accumulation of radiometabolite(s) in brain. The rapid washout of [''C]MeS-IMPY from brain may have been caused by
inadequate binding affinity, and the small differences between patients and healthy subjects were likely caused, in part, by
the accumulation of radiometabolite(s) in brain. We conclude that [''C]MeS-IMPY is able to image B-amyloid in brains of
patients with AD, but that chemical analogs with higher affinity and non-problematic radiometabolites will be more useful

imaging agents.
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INTRODUCTION

Brain imaging studies using PET radioligands such as
['!CIPIB, ['®F]FDDNP, [!!C]SB-13, and ["*F]BAY94-9172,
have demonstrated the feasibility to image B-amyloid in pa-
tients with AD [1-4]. Since accumulation of f-amyloid has
been proposed as one of the underlying pathophysiologies of
AD, in vivo quantification of B-amyloid may provide a useful
tool to diagnose the disease, to monitor novel therapeutics,
and to explore the role of B-amyloid plaques in the disease.
Thus, several PET radioligands have recently been devel-
oped to image -amyloid and are reviewed elsewhere [5,6].

MeS-IMPY binds selectively and with moderately
high affinity (K; = 7.93 nM) to human B-amyloid plaques
in postmortem brain tissue of patients with AD [7]. [S-
methyl-''CIMeS-IMPY ([!!C]MeS-IMPY) showed promis-
ing in vivo characteristics in rodent and monkey brain as a
potential radioligand for imaging B-amyloid plaques [7,8].
[''C]MeS-IMPY showed high brain uptake and rapid wash-
out, widespread distribution to all cortical regions, slightly
higher values of distribution volume in white compared to
grey matter, and stable measurements of distribution volume
using one-tissue compartmental analysis [8]. In addition,
whole-body PET imaging of [!'C]MeS-IMPY caused mode-
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rate to low radiation exposure, which would allow multiple
PET scans per year in the same subject. These promising in
vitro and in vivo characteristics made this PET radioligand a
potential probe to image B-amyloid plaques in patients with
AD. The purpose of this study was to determine if [!!C]MeS-
IMPY can detect B-amyloid plaques in patients with AD.

METHODS
Radioligand Preparation

[M'C]MeS-IMPY was prepared as previously described,
namely by !'C-S-methylation of methyl 3-(2-(4-(dimethyl-
amino)phenyl)imidazo[1,2-a]pyridin-6-ylthio)propanoate [7].
Preparations were conducted according to our Investigational
New Drug Application #76,568, submitted to the US Food
and Drug Administration, and a copy of which is available
at: http://pdsp.med.unc.edu/snidd/. The radioligand was ob-
tained in high radiochemical purity (~ 99%) and with spe-
cific activity at time of injection of 52 + 16 GBqg/pumol (n =
10 batches).

Human Subjects

Four patients with AD (2 females and 2 males) and six
healthy subjects (6 males) participated. All AD patients met
NINCDS-ADRDA criteria for probable AD and scored be-
tween 24 and 28 on the Mini-Mental Status Examination
(MMSE). The average number of years of diagnosis for all
four patients was three. AD patients ranged in age from 60 to
75 with a mean age of 70. Healthy subjects were free of cur-
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rent medical and psychiatric illness based on history, physi-
cal examination, electrocardiogram, and urinalysis including
drug screening, blood tests (complete blood count, serum
chemistries, thyroid function test, and antibody screening for
syphilis, HIV, and hepatitis B) and scored between 28 and 30
on the MMSE. Healthy subjects included 2 young and 4 age-
matched controls with a mean age of 23 and 63 y, respec-
tively. Healthy controls, young plus old were pooled to-
gether. All subjects returned to repeat urinalysis and blood
tests about 24 h after the PET scan.

PET Studies

After injection of [!C]MeS-IMPY (650 + 131 MBq) in
the ten subjects, PET scans were acquired for 90 min in 27
frames. All PET scans were performed on a GE Advance
PET camera. Images were acquired in the axial orientation
with respect to the subject. Each emission scan consisted of a
dynamic acquisition with frame schedule of 30 s from 0 —
180 s, 1 min from 3 — 6 min, 2 min from 6 — 10 min, and 5
min from 10 — 90 min. All PET images were corrected for
attenuation and scatter. The subjects’ vital signs were re-
corded before [!!C]MeS-IMPY injection and at 15, 30, and
90 min after injection.

Magnetic Resonance Imaging

To identify brain regions, T 1 weighted magnetic reso-
nance imaging (MRI) scans of 1.2 mm contiguous slices
were obtained with a GE Signa 1.5 T scanner. Three sets of
axial images were acquired with a spoiled GRASS (gradient
recall acquisition in the steady state) sequence with TR =
124 ms, TE = 53 ms, flip angle = 20°, and matrix =
256x%256.

Measurement of [!!C]MeS-IMPY in Plasma

Blood samples (1 mL each) were drawn from the radial
artery at 15 s intervals until 120 s, followed by 2 mL samples
at 3, 5, 8, and 10 min, and 3 mL samples at 15, 20, 30, 40,
55, 70, and 85 min. The plasma time-activity curve was cor-
rected for the fraction of unchanged radioligand, as previ-
ously described [9].

The free fraction of [!C]MeS-IMPY in plasma was
measured by ultrafiltration through Centrifree membrane
filters (Amicon Division, W.R. Grace and Co., Danvers,
MA, USA) as previously described [10]. Plasma samples
from each subject were stored in a —70° C freezer and free
fractions were measured on a day other than the PET scan.
Measurements were performed twice with all plasma sam-
ples receiving a common preparation of [''C]MeS-IMPY
each time.

Image Analysis

All MRI and PET images were spatially normalized to a
standard anatomic template in Montreal Neurological Insti-
tute (MNI) space. The spatial normalization was consoli-
dated into a single computer script which utilized a mutual
information based coregistration in the FMRIB Software
Library (FMRIB Analysis Group, Oxford, UK) and is de-
scribed as follows. First, a summed PET image of all time
frames was coregistered to the MRI of the individual subject
using a 6-parameter algorithm. Second, the individual’s MRI
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was coregistered to the template MRI in MNI space using a
12-parameter algorithm. The transformation from the PET to
subject MRI and from the subject MRI to template MRI
were then combined and applied to resample the individual’s
dynamic PET image into the MNI space. The PET images
after resampling were visually inspected for every time-
frame with respect to the MNI template to ensure a good
match.

Transforming PET images into the MNI space allowed
the application of Automated Anatomical Labeling map
(AAL) [11], which consists of 116 brain regions defined in
the MNI space. Using a set of standardized regions of inter-
est across all subjects provided greater objectivity, consistent
region size, and better reproducibility of results. After ob-
taining their means, we condensed the 116 regions by pixel-
weighted averaging to 8 regions, comprised of the prefrontal,
frontal, parietal, occipital, lateral temporal, medial temporal,
posterior cingulate cortices, and cerebellum. One additional
region of interest in the white matter was hand drawn on the
MNI template, confirmed by fellow investigators and added
to the region of interest set. Time-activity curves were con-
structed for the 9 regions and evaluated. We applied an atro-
phy correction to the PET data by segmenting each individ-
ual’s T1 weighted MRI scan into a binary grey, white and
CSF (cerebrospinal fluid) compartment, transforming the
grey matter volume into MNI space following coregistration
information between the individual and template MRI, and
finally, applying the AAL template to the transformed gray
matter volume to calculate a grey matter fraction for each
region. These fractions were used as scale factors to adjust
the region means obtained from the PET image. The average
grey matter fractions across all regions for healthy controls
was 0.85 and for AD patients was 0.81. Time-activity curves
were expressed as a standardized uptake value (%SUV),
which normalizes for injected activity and body weight: (%
injected activity/cm?® tissue) X (g body weight). Image and
kinetic analyses were performed using PMOD 2.85 (pixel-
wise modeling software; PMOD Technologies Ltd., Zurich,
Switzerland) [12].

Calculation of Distribution Volume and Reference Tissue
Model

Distribution volume is a measure of receptor density and
is equal to the ratio at equilibrium of the concentration of
radioligand in tissue to that in plasma. Total distribution vol-
ume Vr includes the concentrations of all radioligand in tis-
sue, which is composed of specific (i.e., receptor bound) and
nondisplaceable (i.e., nonspecifically bound and free radio-
ligand in tissue water). The equilibrium value of V1 was cal-
culated from measurements over time of radioactivity in
brain and of the concentrations of radioligand in arterial
plasma. The serial concentrations of radioligand in plasma
are referred to as the "input function." The input function
was analyzed as linear interpolation of the concentrations
of [''C]MeS-IMPY before the peak, and a bi-exponential
fit of concentrations after the peak. The concentration of
[1'C]MeS-IMPY separated from radiometabolites was used
as the sole input function. Rate constants (K, k», k3, and ky)
in standard one- and two-tissue compartment models [13]
were calculated with weighted least squares and the Mar-
quardt optimizer. Brain data of each frame were weighted by
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assuming that the standard deviation of the data is propor-
tional to the inverse square root of noise equivalent counts.
To correct the brain data for its vascular component, radioac-
tivity in serial whole blood was measured and then subtracted
from the PET measurements assuming that cerebral blood
volume is 5% of total brain volume.

To determine the minimum scanning time necessary to
obtain stable values of distribution volume, we analyzed the
PET data from each subject after removing variable dura-
tions of the terminal portion of the scan. We analyzed brain
data of all subjects from 0 — 30 min to 0 — 90 min, with 10-
min increments.

In addition, we analyzed the brain PET data using the
Logan graphical analysis model [14]. The cerebellum was
used as the reference region, which has been shown to con-
tain negligible densities of B-amyloid [15].

Statistical Analysis

Goodness-of-fit by nonlinear least squares analysis was
evaluated with the Akaike Information Criterion (AIC) [16].
The most appropriate model has the smallest AIC. Good-
ness-of-fit by the compartmental models was compared with
F statistics. This analysis was performed for all regions of
interest and a value of P < 0.05 was considered significant
for F statistics.

The identifiability of the kinetic variables was calculated
by the compartmental fitting as the standard error, which
itself reflects the diagonal of the covariance matrix [17].
Identifiability is expressed as a percentage and equals the
ratio of the standard error of the rate constant divided by the
value of the rate constant itself. Identifiability of V't was cal-
culated from the covariance matrix using the generalized
form of error propagation equation [18], where correlations
among the rate constants were taken into account.

Data are expressed as mean + SD. A comparison of the
total distribution volume and reference tissue model between
healthy controls and AD patients was assessed using an
ANOVA. All statistical analysis was performed with healthy
control subjects (young plus old) vs. AD and healthy control
subjects (old age-matched) vs. AD. Differences between
groups cerebellar uptake and concentrations of [!!C]MeS-
IMPY in plasma were compared using a Linear mixed model
with heterogeneous first-order autoregressive covariant
structure. Bonferroni post-hoc tests compared the two groups
to determine any differences between the groups. The mini-
mum level of significance was designated as P < 0.05. All
statistical analyses were performed using SPSS version 15.

RESULTS

After injection of ['!C]MeS-IMPY, the mean magnitudes
and time courses of brain radioactivity in all regions, except
cerebellum, were virtually identical in AD patients and
healthy controls Figs. (1 and 2). The peak brain uptake was
high (~ 450% SUV) in both groups, peaked early at ~ 2 min,
and washed out quickly Fig. (1). The mean uptake in cere-
bellum was slightly lower in AD patients than in healthy
controls. Although small, this difference in cerebellar curves
was statistically significant (P = 0.036) during time frames
37.5 to 62.5 min of the entire 90 min of scanning. Statistical
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Fig. (1). Time-activity curves of ['!C]MeS-IMPY in healthy con-
trols (n = 6) and patients with Alzheimer’s disease (n = 4). Concen-
trations of radioactivity in medial (A) and lateral (B) temporal cor-
tex and cerebellum (C) after injection of ['!C]MeS-IMPY. Symbols
represent the mean + SD, although the SD is sometimes less than the
size of the symbol. The SD bars are shown for every other value and
alternate between the healthy controls and Alzheimer’s disease pa-
tients.

significance remained the same for all PET outcome meas-
ures whether AD patients were compared with all healthy
subjects (young and old) or with only the old healthy sub-
jects. Furthermore, since the young and old healthy controls
were not significantly different, subsequent analyses com-
bined both the two young and four old healthy subjects into a
single control group (n = 6).
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Fig. (2). PET images of [''C]MeS-IMPY calculated by distribution volume in healthy control (left) and Alzheimer’s disease patient (right).
Alzheimer’s disease patients had slightly higher retention of ['!C]MeS-IMPY in neocortical areas compared to healthy controls. Each image
is a representative sample for the six healthy controls and three of the four Alzheimer’s disease patients.

The concentration of ['!C]MeS-IMPY in plasma peaked
at 1 min after the start of a bolus injection, which was admin-
istered with a pump and lasted for 1 min. The concentrations
after this peak were well fit with a biexponential function
and had mean half lives in healthy controls of 0.5 and 14
min, compared to AD patients of 0.4 and 10 min (Table 1).
Calculated as the partial areas under the concentration vs.
time curve, these two half-lives accounted for 35% and 65%
for healthy controls and 32% and 68% for AD patients of the
total area under the curve from peak to infinity (Table 1).
The total AUC was ~ 10% higher for the healthy controls
compared to AD patients (Table 1).

The fraction of ['!C]MeS-IMPY, expressed as a percent-
age of total plasma activity, declined relatively quickly and
reached 50% at ~ 8 min in both groups Fig. (3A). The three
radiometabolite peaks A-C eluted prior to MeS-IMPY Fig.
(3B) and were therefore less lipophilic than MeS-IMPY. The
plasma free fraction (f;) of [''C]MeS-IMPY in AD patients
(0.85%) was half that in healthy controls (1.7%) (P = 0.034).

Table 1.

Since only the radioligand that is unbound to plasma proteins
is available for diffusion across the blood-brain barrier, cor-
recting for any differences in f, between the groups may be
the more appropriate measure of radioligand binding to amy-
loid. However, correcting for plasma free fraction (i.e., Vi/f,)
would have an equal effect on all brain regions and would
not change the ratio of target to background region (e.g.,
neocortex to cerebellum).

Distribution volume was calculated using compartmental
modeling of time-activity brain data and the serial concentra-
tions of ['!C]MeS-IMPY in arterial plasma. For all subjects
and brain regions, the two-tissue compartmental model pro-
vided significantly better fit than the one-tissue compartmen-
tal model (F-test, P < 0.001) Fig. (4A) and had low AIC
(116 £ 24) and high MSC (4 + 1) scores. Using results from
the two-tissue compartmental model, even though some of
the individual rate constants (K, &, k3, k4) were poorly iden-
tified, total distribution volume (V1) had good identifiability
(<10%) in all regions for both AD patients and healthy con-

Pharmacokinetic Parameters of [llC]MeS-IMPY in Plasma Between Two Groups

Half-Lives (min)

AUC of Exponential as % Total AUC

Total AUC (kBg/mL - min)

Healthy Controls | Alzheimer's Disease| Healthy Controls | Alzheimer's Disease| Healthy Controls |Alzheimer's Disease

Exponential (1) 046+0.17 0.38 £0.05

35%=+6

32%+12 279 £ 60 254 +39

Exponential (2) 14.15+£9.08 9.66 +3.95

65%=*6

68% £ 12
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Fig. (3). (A) The percentage composition of plasma radioactivity
over time is shown for [''C]MeS-IMPY and total radiometabolites.
Symbols represent the mean + SD, although the SD is sometimes
less than the size of the symbol. The SD bars are shown for every
other value and alternate between the healthy controls and Alz-
heimer’s disease patients. (B) Radiochromatogram of plasma from a
healthy control subject at 5 min after injection of [''C]MeS-IMPY.
Parent constituted 70% of total radioactivity. Radiometabolites
(A-C) have lower lipophilicity than that of ['!C]MeS-IMPY.

trols. Although distribution volume of the neocortical re-
gions was ~ 26 % higher in AD patients than in healthy con-
trols, the differences were statistically insignificant Figs. (2
and 5) (P = 0.143). The increase in V't was similar using at-
rophy corrected or raw PET data.

The time stability of V't was analyzed for all regions us-
ing the two-tissue compartmental model. V1 in all regions
and in both groups continuously increased during the scan
Fig. (4B). The gradual increase in V7 is consistent with a
possible accumulation of radiometabolite(s) in brain, which
thereby impairs the accuracy of compartmental modeling to
quantify V.

Quantification with a reference tissue model demon-
strated statistically significant group differences in the reten-
tion of [''C]MeS-IMPY in several brain regions known to
contain high densities of B-amyloid such as frontal (P =
0.48), lateral temporal (P = 0.14), parietal (P = 0.10) and
prefrontal cortices (P = 0.18) Fig. (6). However, after con-
trolling for differences in cerebellar uptake, no significant
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Fig. (4). Compartmental modeling of dynamic PET images. (A) The
two-tissue compartmental model (dashed lines) more closely fol-
lowed the measured values of the lateral temporal cortex (o) and
cerebellum (m) than did the one-tissue compartmental model (solid
lines). (B) Time stability of V1 determined from the two-tissue com-
partmental model was assessed by analyzing increasingly truncated
data, with a range of 0-30 min to 0-90 min, as above. Each point
represents the average Vrin nine regions of interest in healthy con-
trols (0) and Alzheimer’s disease patients (@) with data from time 0
to the specified time and expressed as the percentage of the 90-min
value.

differences were detected between healthy control subjects
and AD patients. Thus, the significant differences found with
the reference tissue model were due merely to differences in
cerebellar uptake. Furthermore, since cerebellum contains
negligible amounts of amyloid, these differences have no
relation to the retention of radioligand by amyloid.

DISCUSSION

The purpose of this study was to determine whether
['!C]MeS-IMPY has greater retention in brains of patients
with AD compared to those of healthy controls, who would
likely have little B-amyloid in brain. We found that
[''C]MeS-IMPY has low retention (~ 12% increase of PET
outcome measure) in brain regions known to contain high
densities of B-amyloid plaques in patients with AD. This
moderate to low increase in the PET outcome measure is
similar to that of other PET radioligands such as
['8F]FDDNP (~ 9%) and [!!C]BF-227 (~ 12%) (Table 2).
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Fig. (5). No statistical significant differences in the total distribution volume (Vr) between AD patients (closed bars) and healthy controls
(open bars) (P =0.219). CE = cerebellum, PF = prefrontal cortex, FC = frontal cortex, OC = occipital cortex, PC = parietal cortex, LT = lat-
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Fig. (6). Statistical significant differences in regions known to contain high densities of f-amyloid between AD patients (closed bars) and
healthy controls (open bars) calculated using the Logan distribution volume ratio. CE = cerebellum, PF = prefrontal cortex (P = 0.18), FC =
frontal cortex (P = 0.48), OC = occipital cortex, PC = parietal cortex (P = 0.10), LT = lateral temporal cortex (P = 0.14), MT = medial tem-

poral cortex, PC = posterior cingulate gyrus, and WM = white matter.

The low retention to B-amyloid plaques in AD patients
using ['!'C]MeS-IMPY was surprising since its in vitro char-
acteristics are similar to those of other successful PET radio-
ligands (Table 2). Although a comparison of affinity, brain
uptake, and lipophilicity may not be strictly accurate because
of differing assay conditions, the values for [!'C]MeS-IMPY
are in range of a few successful PET radioligands to image
B-amyloid plaques. The reasons for the low retention of
[1'C]MeS-IMPY in brains of AD patients remain unclear, but
we suggest three possibilities. First, [!!C]MeS-IMPY has
only moderate binding affinity (K; = 7.9 nM) for f-amyloid
[7]. Despite the high abundance of binding sites on amyloid
plaques, the affinity of this radioligand may be too low to
have significant retention. Second, the patients in this study
may have had relatively small amounts of B-amyloid in
brain. Their MMSE scores (mean = 26) were higher than
those in four other studies (mean = 20—24) that used radio-
ligands for B-amyloid [3,19-21]. Third, radiometabolites of
[1'C]MeS-IMPY in brain may have increased the nonspecific
signal such that the specific signal (i.e., parent radioligand
binding to f-amyloid) could not be detected.

Among the three possibilities, we suspect that metabo-
lism of the radioligand may be the most problematic. Three
radiometabolite peaks (A—C) were detected with HPLC
analysis in rodent, monkey and human plasma [7,8]. Across

these species, the three radiometabolites were relatively less
lipophilic than the parent radioligand but still had adequate
lipophilicity to enter brain. For example, the LogD74 of
[1'C]MeS-IMPY is 4.1, whereas that of its predominant radi-
ometabolite (B) is 3.6 [7]. The lipophilicity of this radiome-
tabolite is well within the range (~ 1— 5) of brain-penetrant
compounds. After injection of ['!C]MeS-IMPY, ~ 70% of
the total radioactivity in rat brain at 3 min was composed of
radiometabolites [7]. Using liquid chromatography-mass
spectrometry (LC-MS) and tandem mass spectrometry (MS-
MS), we identified the major radiometabolite in rat brain to
be [''C]N-desmethyl-MeS-IMPY. Furthermore, [''C]MeS-
IMPY was metabolized in rat brain homogenates (~ 7% after
60 min incubation), suggesting that this radiometabolite may
not only pass the blood-brain barrier but also be generated in
the brain itself. The similarities between the plasma radio-
chromatograms across species imply the generation of a
similar spectrum of radiometabolites and that N-demethyl-
ation is the primary route of metabolism. Rapid accumula-
tion of three radiometabolites (~ 50% of plasma composition
by 10 min) in human arterial plasma samples may have led
to the accumulation of one or more of these radiometabolites
in human brain Fig. (3). Our results support this possibility,
since the estimation of V't did not stabilize but increased dur-
ing the entire scan Fig. (4B), consistent with the accumula-
tion of radiometabolites in human brain.
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Table2. Structure, Affinity, Peak Brain Uptake, Lipophilcity, and % Increase of PET Outcome Measure of Seven Radioligands
used for Imaging B-amyloid Plaques in Patients with AD
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In summary, the PET radioligand [''C]MeS-IMPY
showed high brain uptake, plasma concentrations of parent
peaked quickly and declined rapidly, three radiometabolites
in plasma were less lipophilic than MeS-IMPY, and total
distribution volume (¥7) had good identifiability. However,
[M'C]MeS-IMPY (12% increase compared to healthy con-
trols) lacked binding comparable to the “gold standard”
[''C]IPIB (130% increase compared to healthy controls) to -
amyloid plaques in patients with AD. The unexpected results
may have been due to several factors, including inadequate
binding affinity, mild severity of symptoms in these AD pa-
tients and an associated small amount of -amyloid in brain,
or the accumulation of radiometabolites in brain.
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